In this work, the seasonal and yearly optical performance of supported catalyst CPC solar photocatalytic reactors has been theoretically analyzed. A detailed model for the optical response of the anatase catalyst films is utilized, based on the characteristic matrix method, together with Monte Carlo ray tracing simulations. The catalyst is supported over glass tubes contained inside a larger glass tube that functions as receiver of the CPC reflector. Arrangements with four, five, and six tubes are considered. Overall, the four-tube scenario presents the worst performance of all, followed by the five-tube case. In general, the six-tube configuration is better. Nevertheless, important differences can be observed depending on the specific arrangement of tubes. The six-tube case surpasses the absorption rate of all the other configurations when the distance between tubes is extended. This configuration exhibits 27% increased yearly energy absorption with respect to the reference case and 47% with respect to the worst case scenario.
Introduction
Photocatalysis has been a prolific scientific field due to the attractiveness of its applications. Among these are the degradation of various organic compounds in gases [1] and liquids [2] , hydrogen production by water splitting [3] , and CO2 reduction for hydrocarbon fuel production (Sarkar et al., 2016) . As this process involves the generation of hydroxyl radicals through a photoinduced electrochemical reaction activated in the UV-Vis range, it is feasible to use solar energy as a renewable energy source, making photocatalysis an ecofriendly technology capable of mitigating environmental water pollution [4] or producing alternative fuels [5] .
One of the main technologic challenges faced is the need to increase the efficiency of photocatalytic systems at larger scales [6] . In this regard, a key step for a suitable implementation on a large scale is a proper modeling strategy that can help in photoreactor design and optimization.
While most of the available literature in photoreactor modeling focuses on suspended photoreactors, their supported counterpart still lacks a unified approach [7] . In this regard, the use of pseudocontinuum approximations [8] or empirical models [9] is a common choice. Nonetheless, while empirical models are unsuitable for scale-up purposes, pseudocontinuum models are only applicable to certain support arrangements, which usually are scale-dependent [10] .
In particular, solar photocatalytic reactors [11] are very attractive due to the positive impact of using renewable energy as the source of UV radiation for the reactions. A common configuration uses glass tubes as reactors [12] , which are illuminated by a solar reflector, either to increase radiation intensity, by means of parabolic trough concentrators [13] , or to improve the distribution of energy in the tube perimeter, by means of V-trough or CPC reflectors [14] [15] [16] [17] . Even a modification of the standard CPC geometry to accommodate for a single flat support for the catalyst inside a tubular reactor has been proposed [18] .
Most radiation transfer studies have focused on reactors with suspended catalyst [13, 15, 19, 20] . However, fixed catalyst reactors are also of interest [17] . Manassero et al. [21] have carried out experimental comparison and Monte Carlo modeling of suspended and fixed catalyst photoreactors. Recently, our research group proposed a multiscale approach [7] using different methods at the support and the reactor scale. The methods employed are the characteristic matrix method [22] and the Monte Carlo ray tracing method. This method allows studying the effect of relevant parameters, such as photocatalyst film thickness, support surface location, concentrator geometry, optical properties, and even irradiance conditions, hence giving valuable information on the design of supported photoreactors.
In this paper, the assessment of the year-round optical performance of a supported solar CPC photocatalytic reactor is carried out. This evaluation is achieved by coupling meteorological software and a ray tracing software to generate 3D incoming radiation profiles as input for the multiscale model presented by Valadés-Pelayo et al. [7] . Given that no studies in the literature consider the geometrical arrangement (number and disposition) of the tubes, six different arrays are considered. On this basis, this study identifies the best multitubular support layout which collects more radiative energy throughout the year and points out directions towards the improvement of multitubular support configurations.
Methodology
2.1. Ray Tracing on the CPC. Ray tracing simulations of the CPC concentrator were carried out to model its optical behavior at different times of the year. For this purpose, the Tonatiuh ray tracing software [23] was used in this work. Tonatiuh is a freely distributed, open-source code, based on the Monte Carlo method, which has been widely utilized for different applications. Among its attractive features, it allows the use of a scripting tool, which enables continuous simulation for relevant scenarios, as parameters are varied. The CPC geometry is already defined in this software as one of its basic concentrator types (see Figure 1) .
The characteristics of the solar source need to be defined prior to the simulations. Solar irradiance data has been obtained from a typical meteorological year (TMY) provided by the commercial software Meteonorm®. This software allows obtaining hourly irradiance values through the year for a particular location, employing numerical algorithms coupled to preexisting data from weather stations. In particular, UVA irradiance values were utilized in this analysis, which correspond to the region of the spectrum where the anatase TiO 2 photocatalyst is active [7] . Four typical days (March 21, June 21, September 21, and December 21) were chosen to present the results (see Figure 2 ), as they represent best the behavior of the angular position of the sun focusing on the CPC throughout the year. In this case, the local coordinates are defined as 21°52′ 52″ N and 102°17′ 29″ O, corresponding to the city of Aguascalientes, Mexico. We consider this analysis valuable for any particular location. Solar angles may change due to location, but the CPC must be oriented accordingly to the local latitude, providing similar results. UV irradiance may also vary from location to location, but the overall performance of the system must remain, as overall performance is modeled evenly by the amount of UV irradiance reaching the reactor but depends primarily on the geometrical disposition of the tubes for the energy absorption. However, for very high latitudes where winter days are very short, the energetic contribution of this season will be seriously reduced. On the other hand, the static nature of the collector does not allow taking advantage of the much longer summer days. Thus, the yearly energy absorption is reduced.
Commonly, nontracking CPC arrays are tilted to the latitude of the locality under study with the axis of the tubular receiver along the east-west direction, to optimize the yearly collection of solar rays. This is also the configuration chosen for the present work.
A script is programmed in order to construct the virtual collector under design specifications, according to SalgadoTránsito et al. [17] . In particular, the outer radius of the glass-tubular receiver is fixed at 1.175 cm. The radii of the inner TiO 2 -coated glass tubes take the values 0.285, 0.342, and 0.4275 cm, according to the number of supporting tubes (6-5-4, respectively), in order to preserve in all cases the same total mass of catalyst inside the reactor. The length of all tubes is 70 cm, and anatase film thickness is fixed at 800 nm. All specular materials of the CPC are considered with ideal reflective properties, in order to evaluate solely the effect of the geometric disposition of the inner tubes in the receiver.
Sun position is calculated accordingly to the particular day and hour of interest. Then, a ray trace simulation with a million rays is performed. This is repeated for every working hour (from 9:00 to 17:00 h). The matrix of photons that reach the external part of the tubular receiver, resulting from these simulations, is stored for further processing by the optical model describing the inner part of the reactor.
The time-dependent solar position vector (S v ) is used as an input for the ray trace simulations
where the zenith angle is calculated following Duffie and Beckman ( [24] ), as
where ϕ is the site latitude, δ is the solar declination angle, and ω is the hour angle, which varies at a rate of 0.25°/min. Similarly, the azimuth angle is calculated as
where atan2 x, y stands for the two-argument arctangent function, which is able to identify the appropriate quadrant of an angle whose tangent is given by y/x.
The Tonatiuh ray tracer does not deliver directly the photon vectors required in the next step of our simulation on its output file. Instead, it provides the history of collision points of every ray traced. As rays on a CPC can suffer several reflections before reaching the receiver, the direction vectorsk must be obtained from the last two impacts of the ray, that with the tube r t , and the last reflection on the CPC r lrk = r t − r lr r t − r lr
Two plots with excerpts of the photon vectors impinging on the glass-tubular receiver are shown in Figure 3 . These vectors are obtained for March 21 and December 21 at 13:00 h. The photon vector map is correlated directly to the day of the year, time, geometry (concentration factor), and tilt of the CPC. As exemplification, the low altitude of the sun on December 21 solstice (Figure 3(b) ) produces an irregular distribution of photons, as compared to March 21 equinox (Figure 3(a) ).
Ray vector maps such as the above are calculated for every working hour of the chosen days and are passed to the next step of the simulation, which considers propagation inside the receiver tube. A flowchart of the entire optical performance analysis has been resumed in Figure 4 .
Radiation Absorption Model.
The methodology allows modeling a number of important design parameters, such as incoming photon's trajectories, reactor geometry, photocatalyst layer thickness, and arrangement of the inner tubes. Key information required for the simulation radiation absorption inside the reactor, is the optical response of the absorber tubes, given in terms of their reflectance, transmittance, and absorptance coefficients. For the anatase film covering the absorber tubes, the characteristic matrix method (CMM) is used.
The CMM allows obtaining the optical response of thin film multilayers based on an electromagnetic description [22] . The application of this theory to glass-supported anatase films has been described in a previous publication [7] , and only a brief description is presented here. The reflectance 
where the components of the characteristic matrix m ij ′ and the coefficients p 0 and p f depend all on the optical properties of the media involved [7] . The refractive index of glass has been obtained from Rubin [25] , the optical properties of the TiO 2 film have been obtained following Viseu et al. (2001), and a value of 1.33 has been considered for the refractive index of water. For a single interface, for instance, glass/water or glass/ air, the above equations reduce to Fresnel formulae [24] for reflection and transmission of radiation. This is the model applied to determine the properties of the receiver tube that encloses the reaction space where the absorber tubes are contained.
Once the involved optical coefficients have been obtained, the next step is to consider the propagation of each of these rays inside the reactor volume by a Monte Carlo method. For this, the set of ray incident in the outer part of the glass receiver tube (described in the previous section) is used. The core part of this process is the determination of all possible collisions of the ray with the different surfaces contained in the volume, i.e., the absorber tubes, or the walls of the receiver tube itself. At each step, once it is determined which surface is hit by the ray, it must be decided if it is absorbed, transmitted, or reflected, comparing the optical coefficients to a random ρ
where the subscript "s" indicates that the coefficients of the surface in question are considered. At the beginning of the propagation of each ray, a random number is generated and compared to the reflectivity of the outer wall of the receiver tube, to determine if the ray is reflected or enters the reaction space. In case the ray is reflected, its propagation is terminated, and a new ray is propagated; otherwise, the ray is considered to enter the reactor volume and its propagation International Journal of Photoenergy is continued. If at any point a ray is transmitted to the outside of the reactor, it is counted as lost and a new ray is generated. If it is reflected on an inner surface, the new propagation direction is obtained from the vector form of the law of reflectionr
wherer, î, andn are the reflected, incident, and normal unit vectors. After the new direction is obtained, the next intersection of the ray with a wall is sought.
On the other hand, if a ray is absorbed in an area element, a count is registered for this element, and a new ray is propagated. Typically, a million rays are propagated in each run. After all rays have been propagated, the radiative power absorbed at each surface element can be obtained by the following equation:
where A i,j correspond to the area of the element i, j , N i,j is the number of rays absorbed, and P ray is the power assigned to each ray or power per photon. The P ray value is obtained as a function of the solar irradiance energy distribution, and the total number of rays impinging the receiver. The area elements are obtained by dividing the perimeter of each tube into equal angular segments. Each element spans the whole length of the tube (longitudinal symmetry of the problem is assumed) and the whole thickness of the film. The analyzed quantities are the distribution of power absorbed in the perimeter of the tubes per unit area, the total power absorbed by each tube, and the yearly energy absorbed by each tube configuration.
2.3. Analyzed Cases. Traditionally, fixed thin film analysis considers only the amount of film catalyst deposited on the supported tubes as the design parameter of importance. The geometrical arrangement of the tubes is commonly chosen arbitrary or selected due to a simple symmetric disposition. In this work, six configurations are compared in order to obtain the most effective design. For the first scenario, a four-tube square configuration is studied (see Figure 5(a) ). For a second scenario, a five-tube configuration in a pentagram disposition is analyzed (see Figure 5(b) ). This disposition is the reference case, being the configuration initially built and tested by Salgado-Tránsito et al. [17] for the degradation of the pesticide carbaryl. The third scenario consists of six tubes, with a pentagram disposition similar to the second scenario, but with smaller diameter, and adds a center tube ( Figure 5(c) ). The fourth case preserves the number of the tubes from the latter, but it considers a displacement of the surrounding tubes away from the centered one, closed to the receiver tube ( Figure 5(d) ). The fifth scenario does the opposite, moving the surrounding tubes closer to the center ( Figure 5(e) ). Finally, the sixth case preserves the geometry of the third case but with a rotation of the whole tube configuration by π/5 ( Figure 5(f) ).
All configurations are compared considering the same solar irradiance conditions, as well as the same CPC design (concentration factor and tubular receiver diameter). It is worth noticing that the total catalyst film area available for absorption is kept constant between the different configurations, by suitable choice of the radius of the tubes. Moreover, the total mass of TiO 2 considered is the same in all cases as thickness is not varied either. The only variations lie in the number, radius, and angular disposition of the absorber tubes.
Results
In this section, results obtained from annual performance analysis are discussed. The absorption rate is calculated for every scenario, absorber tube arrangement, date, and hour. The absorption parameter Q i,j is integrated to obtain average absorption rates for every tube, as well as for every configuration as a whole. Figure 6 shows the absorption rate for the outer wall of the 5 tubes of configuration 2, for the 21st of June, at 13:00 hours. Beam and diffuse radiation results are presented separately, to see the effect of the different angular composition of incident radiation; while beam radiation comes from a single direction (approximately 23°from the normal to the aperture, in the plane of the collector cross section), diffuse radiation comes from every possible direction on a hemisphere around the aperture normal. It can be seen that for beam solar radiation, the upper tubes (i.e., tubes 1, 2, and 3 of Figure 4 (b)) have a higher absorption rate on the upper zones (from 0°to 180°), with a peak around 90°, while the bottom tubes (tubes 4 and 5) have a wider collection angle due to the intrinsic downside reflections of the CPC geometry (involute section). There is however, asymmetry, because radiation is coming more inclined towards tube 4, resulting in lateral reflections to this tube (180°), while tube 5 receives more radiation from the section of the involute closest to the receiver tube bottom. It is also noticeable that tube 2 and tube 3 have smaller absorption on its bottom part (from 200°to 320°) due to the effect of "shadowing" from the bottom tubes. A small amount that impinges tube 3 is due to lateral reflections of the CPC. These results are consistent with the distribution of incoming radiation at the walls of the reactor (receiver tube).
Meanwhile, for diffuse radiation, the situation is very different for each tube. Tube 1 receives radiation mainly from the right, tube 3 mainly from the left, and tube 2 (the top tube) both from left and right. The asymmetries observed are attributable to partial ground reflection of the diffuse component. The bottom tubes are illuminated from the bottom left and bottom right.
A similar analysis can be carried out for every configuration. In particular, Figure 7 compares results of configurations 2 and 3. In the latter, a sixth tube has been added at the center of the reaction space, and the diameter of the tubes has been decreased, to preserve the same total catalyst mass. For the 6-tube configuration, it is noticeable that although the tubes are smaller in comparison with the 5-tube case, the absorption rate for the external tubes remains almost 5 International Journal of Photoenergy the same. Due to the inclusion of a central tube (tube 6), the configuration is capable of capturing solar rays that pass along the spaces between the tubes in configuration 2 and that were going to be lost through the receiver wall. Furthermore, the bottom tubes (4 and 5) are less "shadowed" by the upper tubes and capture a greater amount of photons in its In Figure 8 , the results are presented for different hours of the day for a single tube (tube 3), both for the 21st of June and the 21st of December, for combined beam and diffuse contributions. It is immediately clear that the absorption distribution maintains the same shape during the day, changing only in height as the incident solar irradiance changes with the hour. Small variations in the morning and afternoon can be appreciated due to a steeper angle of sunlight entering the CPC aperture. The reason for this preserved shape of the curves along the day is that the angle of beam radiation keeps 8 International Journal of Photoenergy more or less constant in the plane perpendicular to the receiver tube axis, because of the east-west orientation of this receiver. Thus, the angle changes occur mainly in the plane that contains the tube axis and the collector aperture normal, producing mainly a change in the collected power but not in the absorption distribution. In both cases of Figure 7 , the main contribution of absorbed radiation takes place at the top half of the tube. There is a secondary peak that displaces from the left bottom part of the tube for the summer and to the right bottom part for the winter. This is easy to understand, considering that the incidence angle to the normal of the collector is symmetrical for both dates, at 23.45°to the right and left, respectively.
For Figure 9 , the flux absorption is averaged over the perimeter of each tube. The graph compares the average power absorption of each tube in each of the configurations, for the solstices and equinoxes, which are the more representative days of the year. The first feature that can be noted is the clear seasonal differences, attributable mainly to the variations on the duration of day along the year. Note however that the two equinoxes, that have the same sunlight duration, have very different absorbed power levels for different tubes. On the average, the power absorbed is less in September than in March, because autumn is the rainy season (see Figure 2) . However, this is not true in every case, because the incident power in different tubes for different times of the year is also influenced by the distribution of incident rays on the tube walls.
Let us make a remark regarding units: if one wishes to compare the present results with those of Valadés-Pelayo et al. [7] , it should be taken into account that the quantities presented are slightly different. In that paper, the power absorbed by the tubes was expressed in W/m 3 , which refers to the power absorbed by the catalyst film per unit volume. However, we have preferred here to express results in terms of energy absorbed per film outer surface area μWh/cm 2 . The rationale being that charge separation, recombination, and degradation reactions take place at the catalyst surface; hence, radiation absorption per unit surface, not per unit volume, is a measure that better represents the behavior of the reactor. However, both are valid manners of expressing the same physical situation.
Yearly mean absorbed power flux is used as comparison parameter between configurations in Figure 10 . It is obtained by averaging the absorbed power flux of each tube over all working hours of the year. It can be noticed that the configuration that presents the greatest absorption rate through the year is case 4, the 6-tube-far configuration. This configuration preserves the advantages of using a central tube, but higher photon energy is captured by bringing the tubes closer to the external receiver, intercepting a greater fraction of the rays reflected by the CPC. The 6-tube-far configuration exceeds up to 30% in the performance absorption rate from the 4-tube configuration (case 1) and up to 13% more efficiency versus the 6-tube configuration 3.
Finally, in Table 1 , the total energy absorbed over one year is presented for the different configurations. Clearly, configuration 4 is the winner, with 13% improvement with respect to the initially proposed geometry (configuration 2).
However, we can see that case 1 also shows a better performance. In both cases, this has to do with the reduction of losses through the tube gaps. However, from the point of view of better distribution of the catalyst over the reaction space, configuration 4 is clearly advantageous. The absorption by this improved configuration amounts approximately to 56% of the solar UV energy incident in the CPC collector during the entire year. This is quite a good performance, if we compare this with values typical of suspended catalyst reactors [19] , where the limitations to absorption are imposed mainly by backscattering of radiation. In the present fixed catalyst configuration, reflection and transmission of radiation on the catalyst film produce also losses to the outside of the reactor.
Conclusions
In this study, the seasonal and yearly optical performance of CPC solar photocatalytic reactor with supported catalyst has been theoretically analyzed. A detailed model for the optical response of the anatase catalyst films has been utilized, together with Monte Carlo ray tracing simulations. The catalyst is supported over glass tubes contained inside a larger Different configurations of catalyst support have been considered in terms of number and arrangement of the supporting tubes. Arrangements with four, five, and six tubes have been considered. The radius of the tubes is adjusted as their number increases, in order to have the same surface area in all compared cases. The case of five tubes, proposed in a previous work on semiempirical grounds, serves as a reference case for comparison. Important seasonal dependence of the response of the different tubes on each array is observed. Overall, the five-tube scenario presents the worst performance of all, followed by some of the 6-tube cases, because they leave free trajectories for solar rays to cross the reactor. In general, the six-tube configurations are better than the originally proposed, but nevertheless important differences can be observed depending on the specific arrangement of tubes. Another interesting result is that the six-tube case and the rotated six-tube case present almost the same absorption capacity, proving that symmetrical rotations have very little effect on global performance. As can be seen, the six-tube case surpasses the absorption rate of all the other configurations in every working day of the year when the distance between tubes is extended to cover a larger cross section. This configuration exhibits 13% increased yearly energy absorption with respect to the reference. As a main conclusion, it can be said that the development of a modeling tool for evaluating rigorously the annual performance optical of CPC's photocatalytic reactors provides valuable insights to improve the design of the system.
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